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THE EFFECT OF INK JET COATING RHEOLOGY ON SCREENING
Burak Aksoy, M.S.
Western Michigan University, 1998
Ink jet coating formulations are becoming of increasing importance due to rapid
expansion in digital printing. These coatings have very specific ink absorption
requirements, which are fulfilled by using polyvinyl alcohol and silica as binder and
pigment, respectively. These coatings have unique rheological behavior and often have
problems in industry during the filtering process. In this work, an attempt was made to
relate filter blocking to the rheological behavior of the coating. A series ofcoatings were
prepared and their rheological properties characterized. The solids content and pigment
selection of the coating were altered in order to adjust the coating rheology. Pigments
were adjusted by replacing silica with calcium carbonate and calcined clay in an attempt
to increase the total coating solids and induce shear plugging during filtering.
Additionally, the viscoelastic properties of several PVOH/Silica coatings and their
components were characterized, to enable the interactive effects of the ink jet coatings
to be better understood. Plugging during screening did not occur. However, actual
industrial coating formulations are unknown, and the formulations tested may not match
the industrial formulations being used. Plugging occurred only during runs where
contamination took place, indicating other factors besides rheology may play a role.
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CHAPTER!
INTRODUCTION
The advancing technologies of printing and packaging have placed greater
demands on the surface appearance and uniformity of the paper sheet. To meet these
requirements, many paper surfaces are coated with aqueous, pigmented coatings to
improve the smoothness, gloss, and brightness. A more uniform printing surface results
in a crisper printed image.
Traditional coating pigments are kaolin, clay, calcium carbonate, and titanium
dioxide. These pigments are mixed with an adhesive (binder) and other additives to hold
the pigments to the paper surface and provide the desired finish for printing.
A quality paper coating can only be achieved through the proper make-up and
application of the coating. In order for a coating to be properly prepared, it is critical that
the coating be filtered or screened correctly. Screening removes oversized pigment
particles (debris) and unwanted materials in the slurry such as sand, coating debris, wood
fibers, felt hair, and other contaminants introduced to the coating from various sources
within the coating circulation loop.
The trend toward higher coating speeds and total coating solids levels has
increased the coating operation's sensitivity to contamination and supply flow
fluctuations. One cause for fluctuations in coating flow is due to the changes in the
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volumetric capacity of the screening operation as the coating passes through narrow
screen slots. During screening, different shear rates and shear stresses are developed,
which can alter a coating's rheology. One rheological response to avoid is dilatancy
which normally occurs at high shear rates. When dilatancy occurs, the viscosity of a
coating increases rapidly, which causes a sharp decrease in the volumetric capacity
through the screens (shear blocking). This results in a disruption of coating flow to the
coater and consequently upsets the performance of the coating operation.
In this study, it was hypothesized that coating solids, pigment selection, and
process parameters could influence shear blocking during screening. The objective of
this research was to develop a method for predicting the propensity of a coating to plug
when screened.
Coating parameters such as pigment selection, solids, and binder ratios were
altered to determine the formulations which exhibited the most significant dilatant
behavior. These formulations were then filtered using a Ronningen Peter pressure filter
system. The parameters of the filter (slot size and surface area of screens) and flow rate
were altered to determine their influences on plugging by measuring the pressure
differential across a filter.

CHAPTER II
LITERATURE REVIEW
Screening and Filtration of Paper Coating
Definition and Importance of Screening
Screening is a method of separating particles according to size. In the screening
process, coating colors are drawn against a screening surface to allow the acceptable
particles to pass through and enable oversized particles to be eliminated ( 1 ). If coatings
are not screened, oversized particles can affect the quality of paper by creating coating
lumps, scratches or streaks on the paper surface (2, 3). Since the quality of the coated
surface is directly related to the absence of surface imperfections, screening is a
mandatory process.
Improvement on the Coating Color Filtration
In response to the increasing demands for high quality paper, the paper industry
has begun developing new types of coating machines and coating formulations. Since
coating machines are continuing to be bigger and faster, coating formulations are
becoming more complex. Formulators must now consider how to make an economical
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coating which can be run at higher machine speeds while still producing the desired
optical and surface properties needed for printing. Many of these modifications require
more sophisticated auxiliary equipment, such as the coating filtration equipment.
History
In-line pressure screens were applied to paper coating filtration processes in the
mid-l 960s to reduce the size of filter installations. Early attempts were made with
simple basket or screen filters, but most of them met with little or no success because
filter stapling or impregnation made them difficult to clean. The first in-line pressure
filter used was a mechanically cleaned type of unit. This type of filter revealed that
higher throughput was possible with a pressure screen and that constant agitation was
necessary to maintain flow through the filter (2).
The first specially designed filter for screening a coating was designed to avoid
some of the fiber impingement characteristics inherent to the wire-mesh screen. The
design was based on a vibrating filter system, which had the capability of providing
acceptable coating color screening and good coating flow.
Since the early 70's, coating filtration systems have undergone a constant
evolutionary process to maximize productivity and enable automation through new
control of the systems (4).
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Advances in Screening Technology
Screening media are special permeable media placed in the path of a liquid flow
to prevent oversized solids from passing through the filter. The media are contained in
a housing, and a procedure is used to remove the collected oversized particles. Industrial
screens are made from woven wire, silk or plastic cloth, metal bars, perforated or slotted
metal plates or wires.
Although the filter media are used to hold back unwanted particles, it has only a
certain probability of removing selected particles. Thus, the filter medium's ability to
catch oversized particles is not absolute. For a filter medium to be rated absolute, all
solids would have to be spherically shaped (most coating solids are irregularly shaped).
While spherically shaped particles which are larger than the openings between the media
are stopped, some particles larger in one dimension than the filter opening pass through
if their larger dimension is aligned perpendicular to the slot (Figure 1). To increase the
probability of removing these unwanted particles, repeated exposure to the filter media
is used. This can be done by either placing the filters in several locations on the same
liquid path or by placing several filters in a liquid supply loop.
Screens are rated by mesh equivalent, which is the number of openings per linear
inch of the screen. Mesh number and wire diameter determines the actual screen size
opening. The opening of the screens determines the dimensions of the coating particles
which will pass through the filter (2). Separation in the size range between 4-mesh and
48-mesh is called "fine screening." Size separation smaller than 48-mesh is considered
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Figure 1. Nominal Media Rating.
Source: Walter, J.C., "Water Reuse Through Filtration ", 1996 Engineering Conference,
T APPI Press, Chicago, IL.
"ultrafine screening." Screening finer than 150-mesh is not commonly used because
other methods are usually more economical ( 1). As the medium gets finer, the permeable
portion of the media tends to decrease. For a successful filter operation, a minimum
amount of open area for proper operation is recommended.

However, the

recommendation for minimum filter open area usually increases with increasing
viscosity, flow rates, solids and contaminant concentration (5).
For coating operations, four basic types of filter media have been used. These are
woven synthetic fabrics, woven stainless steel, and perforated and slotted filters.
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Filter media are chosen according to their durability, open area, resistance to
differential pressure, abrasion resistance, ability to release contaminants, and resistance
to temperature. For the selected media, these factors must be compatible with the liquid
and the method of removing the retained solids. A summary of screen characteristics is
given in Table 1 and Table 2. Different materials with varying construction are available
from manufacturers.
Table 1
Characteristics of Screens
Types of Screens
S.S.
Woven
Wire
Mesh

Synthetic
Woven
Fabric

S.S.
Slotted

S.S.
Perforated

Durability

B

C

A

A

Open Area

A-B

A

B-C

C

Particle Release

A-B

A

A

A

Resistance to Differential
Pressure

A-B

B-C

A

A

Resistance to Temperature

A

B-C

A

A

A-B

B

A

A

Characteristics

Erosion Resistance
A - Excellent

B - Good

C - Poor

Synthetic fiber screens are primarily used in coating preparation applications
because the contaminants present (oversized pigment agglomerates) are more easily
released from fabric screens than from wire mesh. These screens also have a higher
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percentage of open area than stainless steel filters. On the other hand, the stainless
screens are selected over the fabric when the higher strength and durability of the screen
and the longer life of the screen need to be considered(Figure 2). Among all types of
screens, the perforated screen has the lowest percentage of open area. There are several
advantages in using perforated and slotted screens,-including high quality, durability,

Table 2
Nominal Particle Retention and Percent Open Area ofScreens

Mesh or Mesh
Equiv.

Nominal
Particle
Retention
(inches)

Nominal
Micron Rating

Percent Open
Area(%)

315S.S.
WireScreen

10
30
60
80
100
150
200

0.065
0. 023
0.009
0.007
0.0055
0.0046
0.0033

1650
585
230
180
140
115
84

56
41
37
32
30
27
23

316S.S.
Perforated

10
30

0.063
0.024

1575
600

15
12

316 S.S.
Slotted
Element

10
30
60
80
100
150

0.063
0.024
0.009
0.007
0.006
0.004
0.003

1600
610
230
180
150
100
75

50
30
18
15
13
9
7

Media Material
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resistance to differential pressure, and close tolerances. Unlike most woven media and
perforated media, slotted media do not require added support. The primary advantage
of using slotted screens is that they are cleaned more easily in certain applications
because they have smooth surfaces. When filtered, coating pigments tend to bridge
media openings and blind over the screen. To prevent or postpone the effect of bridging,
slotted screens are the best selection. For this application, a vibrating screen is used
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Figure 2. Filter Media.
Source: Midyette, 0., and Mannes, J.D., "Screening of paper and their Ingredients," The
Coating Process, TAPPI Press, Atlanta, GA, p. 49-55.
because it helps to lengthen the time between required cleaning. Coating colors may
contain up to twenty different ingredients, each having unique rheological characteristics
that should be considered before selecting the screen to maintain screen efficiency (2).
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Effectiveness and Capacity of Screens
The effectiveness and capacity of a coating filter are hard to predict because of
the complex rheological behavior of coating slurries. A reduction in coating flow through
screen slots can occur by blinding, cohesion of particles to each other, the adhesion of
particles to the screen surface, and/or the oblique direction of approach of the particles
to the surface. In a coating, the large particles may prevent the smaller particles from
reaching the screen by segregating in a layer next to the screen. All these factors reduce
the capacity and effectiveness of the screen.
The capacity of the screen can be measured by the amount of material that can be
fed per unit time through a unit area of the screen. As particle size is reduced (smaller
than 150-mesh), screening becomes progressively more difficult and the capacity and the
effectiveness of the screen decreases.
The amount of debris removed determines the screen effectiveness and the quality
of the filtering process. However, there is no guarantee that the filter media will catch
all the unwanted particles. The probability of catching a particle is increased by using
a finer filter, applying the screen at the first opportunity, or by using multiple screens.
These practices increase the filter efficiency and lower the cost of the filtering process.
Although there is no accurate relationship between the capacity and the
effectiveness of a screen, it is known that they are opposite to each other. Therefore, to
obtain maximum effectiveness, the capacity should be small and large efficiency can only
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be obtained with a reduction in capacity. For best results, a reasonable balance of
efficiency and effectiveness is required.
The screening capacity of a filter is determined by controlling the feed to the unit
and the pressure drop. The effectiveness for a given capacity mainly depends on the
screen dimensions. The overall chance of the passage of a given undersize particle is a
function of the number of times the particle strikes the screen surface and the probability
of passage during a single contact. Thus, if the screen is overloaded, the number of the
contacts is small and the chance of passage on contact is reduced by the interference of
the other particles. The increase in effectiveness can be obtained by reducing the
capacity, i.e., the more contacts per particle, the better the chances for passage on each
contact (1).
All these factors should be considered in determining the proper filter
specifications for a coating. The coating filter should be capable of maintaining flow and
screening efficiency and have the capacity for handling different conditions, e.g.,
temperature changes, formulation changes, and flow rate changes (2).
Location of Filters
Filters can be located anywhere liquid materials are transported or pumped in the
coating process. The increased emphasis on coating quality has led to use of a greater
numbers of filters in more locations to avoid filter overloading. In a coating process, the
required amount of screening depends on the sources and the level of contaminants,
sensitivity of the process to variations in make-down procedures, changes within the
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environmental conditions, and the quality requirements of the product and user. The
greater the sensitivity of the coating to coating defects due to unwanted solids, the more
filtration is required. Some of the more common locations for filters are receiving,
mixing and storage lines, and the coater recirculation loop (2, 3, 6,7).
Receiving
Coating components may be filtered at the unloading dock prior to entry into
storage tanks. This filter location helps eliminate debris created by the supplier or in the
unloading process (2). The filters used in receiving and storage areas tend to be batch
designed systems. They are used for relatively low flow applications. Coating colors can
also be filtered between storage and mixing. It may reduce the size and cost of the filter
over an unloading filter (2).
Mixing
This location is one of the most common locations for a filter, where coating
color is filtered just before it enters the mixing vessels. This gives the greatest control
over the end coating quality, usually at the lowest filtration cost (3, 6).
Coater
The most important and common location for coating filtration is just prior to a
size press or coater. The filter should be located as close as possible to the coater to
mm1m1ze contamination of the coating between coater and filter at the coater.
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Contaminated coating at this point will have a direct affect on the quality of the finished
product. Thus, this is the last chance to catch a particle that will produce an off-quality
product (2,3,6).
The trend towards higher recirculation rates increases not only the filtration
efficiency, but also the cost of filtration and installation and operation costs accordingly
(2,3,6,7).
Types of Screens
The selection of the right screen is critical for the production of a high quality
coating. The type of screen selected depends on several factors; the degree of manual
attention desired, the control and removal of contaminants, operation type, and whether
or not a pressurized system is required.
Screens that have filter housings are generally categorized into two groups,
unpressurized and pressurized. Examples of the most commonly used filtration units by
the paper industry are described below. Except for vibrating screens, all filter housings
described are pressurized.
Vibratory Screens
Circular vibratory screens are gravity type screens. The liquid to be filtered enters
the top of the screen and gravity pulls the liquid through the media, leaving the oversized
solids on the top of the media and the exiting clean filtrate to a collection tank. Vibration
of the screen increases throughput of the liquid to be filtered, inhibits blinding of the
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screening media, and causes oversized particles to continuously move toward a discharge
on the periphery of the unit (2, 8).
One study showed that open screening systems have major difficulties, including
a foaming problem caused by entrained air (9). The other problems include substantial
floor space requirements due to limited throughput and high cost for maintenance and
cleanup.
Vibratory screens are most commonly placed where there is a gravity flow
because the system is not pressurized. Due to high flow rates returned to the coater
supply tank, their use at the coater is limited (2, 3).
Basket Filters
Basket filters, also called bag filters, are the original pressure filters. Liquid
enters from the top of the filter and oversized particles collect inside the basket as clean
filtrate passes through the media.
Basket filters can provide either continuous or batch service. In either case, basket
filters require manual cleaning to regenerate the media. For this reason, they are placed
where manual attention is possible, such as receiving lines and coating preparation areas
(2, 8).
Tubular Filters
Tubular pressure filters are made-up of a tube of filter media fitted inside a
slightly larger-diameter housing cylinder. The unfiltered liquid passes from the outside
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of the filter element to the inside and exits at other end, leaving the oversized particles
between the elements and the housing (2, 3, 8). As shown in Figure 3, flow occurs from
the bottom up to the top of the filter housing.
Tubular filters, like basket filters can be installed for batch service as single tubes
or as multiplex tubular filters. Tubular filters are often valved together on common
headers forming a multiplex filter system so that high flow rates can be handled (2, 8).

Figure 3. Filtering and Backwashing.
Source: Walter, J.C., "Filtration and Screening for the Coating Process & Products,"
1994 Coated Paperboard Short Course, TAPPi Press, Atlanta, GA.
The advantage of multiplex filters is that they can be cleaned without removing
the media from the housing. Typically only one filter is off-stream at a time, therefore
continuous service is maintained. Various types of media are available for tubular filters
(2, 3).
Multiplex tubular filters remove retained solids by backwashing. The backwash
liquid flows in the reverse direction of the filtering flow (Figure 3).
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Multiplex filters are cleaned by internal or external backwashing. named
according to their cleaning method. (2).
Internal backwashing filters use the clean filtrate as the backwash liquid. To
function properly, the filtrate must have the necessary flow and pressure to clean the
filtrate screens. Water filters are the only filters used in coating operations that use
internal backwashing.
External backwashing filters use an outside force for the backwash liquid, usually
water to the discharge side of the filter. Oversized material is forced off the element and
into a drain header. Most of the tubular filter applications in the coating process use
external backwashing filters (Figure 4) (2, 8). Regardless of internal or external
backwashing, the backwashing process is controlled by either monitoring the differential
pressure between the filter inlet and outlet, or by cleaning on a scheduled basis.

Out! et

Inlet
Drain

Figure 4. External Backwashing of Multiplex Filter.
Source: Walter, J.C., "Filtration and Screening for the Coating Process & Products,"
1994 Coated Paperboard Short Course, TAPPi Press, Atlanta, GA.
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If the filter is not properly operated, the amount of filter open area decreases due
to contaminants collected on the media surface. Once cleaned, the filtrate media should
be regenerated so that the filter returns to the original differential pressure. If this
original differential pressure is not recovered, the dirty filter element starts off with less
surface area, takes less time to get dirty, and each cleaning cycle is less efficient. In self
cleaning automatic systems, if the filter can no longer be cleaned, an operator must
manually open and clean the filters (8,9).
In 1985, Visser thought it possible to improve backwash efficiency of tubular
filters by inserting spiral diffusers to provide an optimum distribution of horizontal flow
in the tubes (10). The new design enabled the blockage of screen surface to be reduced
by 15%. The increase in efficiency was contributed to the center area between the tubes
being more open to flow. As a result of his new design, filtering efficiency greatly
improved with no long-term reduction in operating intervals and no increase in "clean"
pressure drop after backwashing.
Other technologies which also improved backwashing efficiency were: (a) the
replacement of pilot valve actuators with four way remote solenoids, resulting in
dependable valve and solenoid actuation which solved both coating loss and coating
dilution problems (11); and (b) the upgrading of various filter components e.g., ball
valves, poppet systems, actuators and electronics, the original slotted filter elements,
body tubes, and frames. As a result of these improvements, coating losses, cleanup time,
and other maintenance issues were drastically reduced (9, 10).
.
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The pressure drop in a pressure filter system cleaned on a regular timed interval
is shown in Figure 5. As shown in the figure, the first, second, and third backwash cycles
cleaned the filter screen completely. However, at the fourth cycle, the screen was not
effectively cleaned because the differential pressure exceeded the dotted line that shows
the cleaning power limit of the backwash water supply. Since cleaning is debris
dependent, and time independent, backwashing above the differential pressure is the
preferred method.

----------TIME
Figure 5. Pressure Filter Cleaning at a Timed Interval.
Source: Walter, J.C., "Water Reuse Through Filtration," 1996 TAPPI Engineering
Conference, TAPPI Press, Atlanta, GA.
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DeVisser and his coworkers operated the test filter with high solids coatings
while plotting pressure drop against time and making periodic visual inspections of the
screens (10). They found that the top portion of the screen was not effectively cleaned
during backwash. Each successive backwash cycle permitted this blinding zone to grow.
This gradual plugging produced a deterioration in operating time between backwash
cycles and a simultaneous rise in the "clean" pressure drop as shown in Figure 6. They
found that the rate ofdeterioration was dependent upon binder content, binder chemistry,
the quality of pigment dispersion, the amount of fiber recycled from the coater, and most
importantly, the backwash water supply.

- - - - - - . - . - - - - - - - IB
---A----1

TIME

Figure 6. Pressure Cleaning of a Differential Pressure Filter Without Regeneration.
Source: Walter, J.C., "Water Reuse Through Filtration," 1996 TAPPI Engineering
Conference, TAPPi Press, Atlanta, GA.
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Mechanically Cleaned Filters
In-line mechanically cleaned filters have only one single diameter tubular filter
element. If the filter application involves low flow rates or if an automatic system is not
justifiable, a mechanically cleaned filter system should be considered due to economics
(3).
In a mechanically cleaned filter, liquid to be filtered enters the housing and the
accumulated debris in the vessel is discharged from the unit. These filters remove
oversized materials that blind the media openings with a mechanical scraper by wiping
the media or by moving of a doctor blade up and down inside the element. However;
some applications have difficulties regenerating the filter media by draining or purging
of the contaminants. In this case, it is necessary to flush the system with water and it is
recommended to have a spare filter ready for installation when high levels of
contamination occur (2, 8).
One problem with mechanically cleaned filters is that maintenance can be costly
because the cleaning blades can force harmful contaminants through the slotted screen
openings, causing sheet scratches (9). Figure 7 illustrates a cleaning system for these
systems.

Outlet
Media

Outlet
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Figure 7. Cleaning System Due to Filter Types.
Source: Walter J.C., "Water Reuse Through Filtration," 1996 TAPPI Engineering Conference, T
APPi Press, Atlanta, GA.
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Coating Color Rheology
To remove contaminants coatings are pumped under pressure through the slotted
screens of a filter. During this process, coating colors are subjected to varying shear rates
and shear stresses (1).
As contaminants are collected, installed pressure screens exhibit decreasing
volumetric capacity in conjunction with increasing pressure drop between the inlet and
outlet ports. The decrease in volumetric capacity is due to the amount of filter open area
decreasing while the differential pressure increases (3). However, at some critical point
when filter plugging occurs the differential pressure will rise sharply in conjunction with
a decrease in volumetric capacity at a given flow rate, sometimes resulting in no coating
flow at all. One of several reasons for this problem is coating rheology, which is
believed to play an essential role in the filtering process (11).
Since coating colors are subjected to varying shear rates because of the velocity
gradients created by the fluid flow through the filter media and narrow screen slots,
coating rheology must be adjusted to fit the filter parameters (flow rate, slot size, screen
open area).
The characterization of a fluid's rheological behavior enables the response of a
fluid �o various applications to be understood. For example, rheology can be used to
develop a critical specification for the handling, transportation, and application of a
material. The optimum conditions for the efficient operation of processing equipment
and preparing a coating can also be determined (12).
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Therefore, the characterizations of a coating's rheology can serve as a guide for
developing a method to evaluate coating formulations for shear blocking during filtering.
Concept of Rheology
Rheology is defined as the study of the deformation and flow ofmatter. In simple
terms, the study of the behavior of a coating color is based on the measurements of the
changes in viscosity that result from changes in the shear stresses due to varying shear
rates, and the measurements of the normal stresses that elastic fluid components develop.
A viscous fluid's composition molecules are free to move past each other. When
these constitution molecules move, they develop forces offriction which gives a fluid the
property of viscosity. To overcome forces of friction, energy is dissipated as heat. On
the other hand, the molecules of an elastic solid are not free to move past each other.
Instead, they are constrained by forces of cohesion thus, energy to overcome these forces
is stored. Therefore, forces of friction and cohesion exist, and energy is partly dissipated
and partly stored in a viscoelastic fluid (13, 14, 15, 16).
Viscosity
Newtonian fluids are said to be ideal fluids. The viscosity ofNewtonian fluids are
constant (independent of the shear rate and the shear stress) and is measured by observing
fluid stratified into layers (Figure 8). As shown in Figure 8, to measure viscosity, a fluid
is restricted between two flat plates separated by a distance, D. While one plate is
movable, the other is stationary. A force is applied to the movable plate at a constant

N=

F/A
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Figure 8. Laminar Flow.

velocity relative to the stationary plate, creating a velocity gradient among each flow
layer.

The area of each plane is A, and the distance between the planes is dx.
Each plane is moving to the left with a velocity Vl, V2, V3, where each velocity

is greater than the flowing one by the amount dV. A flow revealing a linear relationship
between shear stress and shear rate (velocity gradient) is also called streamline or laminar
flow. The viscosity for a Newtonian fluid can be obtained from equation one.

a = µ * (dV/dx)

(1)

Where o, µ, and (dV/ dx) are the shear stress, viscosity, and shear rate, respectively and
(dV/ dx) is constant. The above equations hold true for laminar flow in steady state
(17,18). However, if the fluid is non-Newtonian, the relationship between dV and dx is
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not linear and there is a connection between the viscosity coefficient and the kinetic
energy which is transformed into heat. Work is done by creating shear displacement in
overcoming internal frictional resistance in a liquid and is transformed into heat. As a
result, an alternative viscosity is defined as:

q = µ * (dVldx)2

(2)

Where q = kinetic energy transformed into heat per unit time and volume.
Therefore, this viscosity coefficient is a measure of the energy dissipated. In
rheological studies, materials are often subjected to increasing, and then decreasing
dV/dx.
A non-Newtonian liquid may exhibit Newtonian flow characteristics at very low
shear rates, giving a limiting viscosity. High solid levels and dilute solutions of stretched
macromolecules may exhibit a decreasing "apparent" viscosity with increasing shear
rates. Apparent viscosity is defined for non-Newtonian fluids, since it is calculated by
using mathematical formulas appropriate only for Newtonian fluids. This is the ratio of
shear stress to shear rate (12). Non-Newtonian fluids can be separated into various
groups; plastic, pseudoplastic, dilatant, thixotropic, and rheopectic.
Plastic Fluids
Plastic fluids behave like a solid until a stress, defined as the yield stress is
reached at which time the material behaves as a liquid Once the yield value is reached

the fluid begins flowing and behaves like a Newtonian, pseudoplastic or dilatant fluid
(15).
Dilatant (Shear Thickening) Fluids. The viscosity of a dilatant fluid increases
with shear rate. Although dilatant fluids can move freely at low shear rates, at high shear
rates there is insufficient lubrication from the liquid phase to enable flow. It has been
reported, that shear blocking can occur during the screening process as a result of severe
dilatancy (15, 17).
Pseudoplastic (Shear Thinning) Fluids. The viscosity of pseudoplastic fluids
decrease with increasing shear rates. Pseudoplastic behavior is desirable for pigmented
paper coatings (15). Pseudoplastic fluids give viscosity profiles with a negative slope.
Thixotropic Fluids. The viscosity of thixotropic fluid's decreases under constant
shear stresses or shear rates over time, followed by a gradual recovery when the shear
stress or shear rate is removed. This is due to structure breakdown in the coating that is
rebuilt during periods of rest.
Rheopectic Fluids The viscosity of rheopectic fluids in�rease over time at
constant shear stresses or shear rates due to an increase in structure. This behavior is
rarely seen in industrial applications (15, 19).
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Coating Color Factors
Coating colors consist basically of a pigment, binder, and a carrier solvent
(generally water) and are typically non-Newtonian fluids. The different flow behaviors
of coatings depend on mainly various interactions of the components including;
continuous phase characteristics, dispersed phase characteristics, polymeric effect and
pigment interactions (12, 20).
Coating colors are subjected to repulsive (dispersive), attractive (flocculative) and
hydrodynamic forces. These forces establish a balance in the coating color and determine
the arrangement of the particles in the coating, and thus influencing the behavior of the
coating at low and high shear rates. Once the coating pigment is dispersed, it forms a
structure which is influenced by the ionic constituents of the solvent and binder in the
coating (19, 21).
The attachment of soluble binders to dispersed pigment particles is either by
direct adsorption onto the binder layer or by the partial displacement of the binder. The
type of attachment depends on the molecular weight of the binder. Low molecular
weight polymers attach on the pigment particles by direct adsorption, giving a much
faster adsorption rate compared to high molecular weight polymers. However, low
molecular weight polymers provide weaker bonding, requiring higher binder levels. On
the other hand, high molecular weight polymers have more attachment points and
consequently they bond more strongly to the pigment particle surfaces (22).

Solvent behavior affects the flocculation or deflocculation of pigment particles
in a coating color. In a good solvent, polymer molecules are extended and have a rod-like
configuration. There is a strong affinity between the solvent and polymer molecules, the
strong solvation effects, opens the curled-up molecule chains, giving extended rod-like
polymer molecules. On the other hand, in a poor solvent, polymer molecules maintain
their coil-like configuration. Extended polymer adsorption onto the pigment surface
occurs in such a way that polymer covers all pigment surface as a flat layer. In a poor
solvent, attachment onto the pigment surface is only at a few points resulting in a coiled
or loop structure. The maximum polymer adsorption occurs with a poor solvent.
Extended molecules in the solution give high viscosity. Conversely, coiled structures
give low viscosity (13, 20).
Chemical interactions occur due to the dispersive properties between the pigment
particles and other coating components. For example, if polymer anions are bound to the
pigment surface, the cations present in the slurry will crowd around each pigment
particle. The adsorbed ions produce an electrostatic charge on the particle, and when this
charge is large enough it causes the particles to repel each other by long range
electrostatic (DLVO) forces and by shorter-range forces overcoming Van der Wals
attraction forces. High coating color solids are generally more influenced by shorter
range forces than the longer-range forces due to particle crowding (20,21 ).
The ionic composition of the continuous (water) phase determines the extent of
DLVO and binder salvation interactions. Increased ionic strength (stability) decreases the
solubility of the binder by covering its charged groups and causing it to take coiled
-
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conformation. Divalent ions may bind to anionic groups and strongly decrease surface
charge of the pigment particles and binder solubility (21).
The volumetric concentration influence on coating rheology is not precisely
known because of its complex mechanisms, e.g. pigment-pigment interactions.
continuous phase interactions, and modification of the cohesive forces. As a result a
general interpretation was made from experimental and theoretical studies which
suggests that as the volumetric concentration ofthe dispersed phase is increased, particles
will interact strongly, resulting in more disruptive streamline flows (12,14).
Increase in viscosity at the critical volumetric concentration makes it difficult for
the particles to move past each other because of the lack of water to lubricate the flow.
Particles form a flow structure that mainly depends on size, shape, stability of the
pigment particles, and particle interactions (23).
Size of the Pigment Particles
The smaller the average pigment particle, the more resistant it is to dense packing.
As an example, the particle packing tightness of the finer (precipitated) calcium
carbonate is on an order of half that of a coarser (ground) calcium carbonate (20).
The size distribution also influences the coating color viscosity in addition to the particle
size (14, 19). If the particles of a finer size are mixed with particles of a large size (order
of magnitude * 10 larger diameter), finer particles tend to fill the voids formed by the
larger particles. In this case, a denser packing is obtained for this mixture than for a small
or large size particle alone.
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Shape of Pigment Particles
Pigment particles vary in shape. They might be nodular (approximately
spherical), blocky (roughly rectangular or box-like), acicular (needle like, bristel-like).
Hagemeyer and his colleagues (21) found that platy pigments packed better than
blocky pigments and blocky pigments packed better than needle pigments. They also
noted that mixing particles of different shapes, but similar size, significantly increased
relative sediment volume indicating a lower degree of packing. The prediction of particle
packing pattern is difficult as particle shape varies (19).
Stirring of Pigment Particles
The relative position of pigment particles is disturbed by agitation or shear.
Stirring promotes the denser packing of pigment particles (dry powdered or in a vehicle)
(19).
Binder concentration directly affects the viscosity of a coating color. Most of the
water-soluble binders consist of carboxyl groups that are converted to amine salts to
achieve solubility in water. Water-soluble binders are let down to application viscosity
with additional water. Binders such as polyvinyl alcohol and polyvinyl acetate tend to be
hydrophobic, because of minor amounts of hydrophilic salt groups. When binder
molecules are induced to water, these binder molecules contract and adsorb less water
resulting in a lower viscosity. A strong influence that more than counteracts this
reduction is an increase in the dissociation between salt groups as water is added to the
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polymer solution. This leads to an increased repulsion among the ions attached to the
same molecules and consequently, a bulkier molecule is produced which in turn increases
the viscosity.
Viscosity modifiers impart viscosity at low shear rates by building up a loosely
knit colloidal structure in the coating color. Since pigment particles are shear thinning
at low shear rates, due to particle-water and particle-binder interactions, they are shear
thinning in nature. However, the network is not strong and easily disrupted by even
nominal stresses (16).
Coating structure may progressively break down with increasing shear rates, since
naturally shear thinning binders enhance the shear thinning behavior (16,21). At low
shear rates, flow behavior will be shear thinning, because collisions between particles do
not disrupt coating structure. However, at increasing shear rates, particle collisions
increase to such an extent that dilatancy can occur. Dilatancy can easily be observed as
break point on a rheogram where viscosity begins to increase sharply. The shear rate at
which this occurs is called the critical shear rate. Dilatancy is generally associated with
concentrated, deflocculated pigment suspensions which enable suspended particles in the
coating to collide with each other at high shear rates causing progressively larger and
larger aggregates to form (16, 19, 21).
Dilatancy occurs when aggregate build-up is greater than aggregate break-up and
viscosity increases with increasing shear rate. Dilatancy decreases whenever colloid
stability increases because repulsive forces between pigment particles inhibit aggregation

(23).

-

.,_
"'?

One of the factors determining dilatancy is total solids. Because of energy
considerations, there is a tendency to reduce the use of water in the coating color, and
increase the solids content. In order to achieve high solids levels, coating pigments are
dispersed to bring the viscosity to a workable range. By addition of a dispersant, the
required degree of dispersion and subsequent slurry stability can be obtained. The goal
in making a high solids dispersion is to provide the suspended particles with a tightly
held, highly repulsive barrier, to enable them to coexist in a close distance to each other
with an negligible interaction. While coatings normally exhibit shear thinning behavior
at low shear rates, high solids coatings can reach dilatancy at lower shear rates (24).
Viscosity Models
Carreau-Gillespie Model
The Carreau-Gillespie model is a mathematical model that fits the actual viscosity
versus shear rate data accurately, and is given as

µ = µ00 + ( µ0 - µ00 [ 1 + (k I . y)2]
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Where, µ is the slope of the viscosity versus shear curve, µ0 is the limited low shear
viscosity, µ00 is the infinite high shear viscosity, n is the degree of shear thinning, k 1 is the
power law shear thinning coefficient, k2 is the step point from dilatancy to shear thinning
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behavior of a fluid which controls the magnitude of dilatancy, and k3 is the critical shear
rate for the onset of dilatant behavior.
The Carreau model explains shear thinning behavior of a fluid at low shear rates.
This model is based on the fact that there are flocculated pigment particles at low shear
rates that are broken down as the shear rate is increased. The Carreau model gives four
parameters which are k 1 , n, µ0 , and µ®.
The Gillespie model explains dilatancy at high shear rates and the shear thinning
behavior of a fluid at very high shear rates. This model is based on the impulse theory
and demonstrates how structure build-up is caused by binary collisions between pigment
particles at comparatively high shear rates, followed by a breakdown of the structure at
even higher shear rates.
The combination of the Carreau and Gillepsie models enables both the shear
thinning behavior of a fluid at low shear rates and the shear thickening behavior at higher
shear rates to be understood.
Viscosity Measurements
Measurement Conditions
Viscosity decreases/increases inversely with increasing/decreasing temperature.
For this reason, temperature should be controlled (12).
Since rheological measurements should be made over the same range of shear
rates observed in applications, a variety of viscometers are available. However, the
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altering effect of unique features of each viscometer can cause fluctuations in data
obtained from rheometer to rheometer(25).
Capillary Flow Method
In capillary viscometers, a fluid is forced by pressure from a supply tank through
a fine bore tube. Measurements are made by one of two ways. Either the flow rate (a
piston displacement rate) is fixed and the force exerted to achieve the fixed flow rate
measured, or a fixed pressure is exerted on the fluid using compressed gas and the
resulting flow rate is measured (12,26). Instruments which utilize both measurement
techniques are commercially available (Instron and Severs & Contravers HVL).
Capillary viscometers have several advantages over conventional rotational
viscometers. First of all, they are the only viscometers that can measure fluid viscosities
at very high shear rates(> 106 s- 1). Secondly, they are easy to fill. Since some fluids are
too viscous to pour even at high temperatures, this is an important advantage. In addition,
they give accurate results if required corrections are made. If the fluid in the capillary
was initially at rest, it begins moving immediately after pressure is applied. Viscosity of
the fluid will gradually increase with a velocity gradient, and then the fluid will produce
a viscous resistance opposite to pressure drop. The viscous resistance increases with
increasing velocity and this balances the driving pressure. At this point equilibrium is
established, and the velocity is zero at the walls. The relationship between the flow rate
and pressure for non-Newtonian fluids is given by Hagen-Poiseuille Law(19, 26).
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Where Pis pressure drop along the capillary, Q is the volume of fluid,µ is the viscosity,
l is the capillary length, and r is the radius of the capillary. The main disadvantage of the
capillary viscometer is that shear rate is not constant but varies across the capillary
(Figure 9).
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Capillary tube
Figure 9. Varying Shear Rate Across the Capillary.
The capillary geometry (length and radius) is one factor that has a considerable
effect on the shear rates generated or rheograms obtained. For example, turbulent flow
occurs if the tube is comparatively wide. The same fluid can show a behavior shifting
from shear thinning to shear thickening with increasing tube diameter or decreasing tube
length.

Relationship between capillary geometry and viscosity can be shown

mathematically:
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Where D is the shear rate and �p is the differential pressure. Different capillary
geometries can be described by a different ratio of length to radius.
Additionally, for non-Newtonian fluids, some· corrections should also be made
to avoid capillary geometry effects.
Kinetic Energy Correction Factor
In deriving Poiseuille's law, it is assumed that all the acting pressure was exerted
into overcoming viscous resistance however, a considerable part of the pressure is used
in imparting acceleration at the entrance of the tube, that is kinetic energy to the flowing
fluid. Therefore, kinetic energy correction is necessary in order to get true viscosity
calculations (25, 26). This correction becomes more important for the low viscosity
liquids with high shear rates as given in equation 5.
p

=

)..rV2

(5)

When the pressure drops in the capillary, the kinetic energy loss is subtracted, and the
drop in pressure is due to viscosity given by Poiseuille' s law:
Ppoiseuil/e =Ptotal -).pV=Ptotal

-(l:e_]Q 2
1t2r 4

(6)

where, Vis the mean velocity of flow, Q is the volumetric flow rate of the fluid,). is the
coefficient of kinetic energy loss, and p is the density of the fluid.
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The coefficient of kinetic energy loss depends on the geometry of the capillary
exit and on the profile of the shear rate in the flow (A=mb), where, m is the exit geometry
coefficient, and b is the shear rate profile coefficient.
Due to Ostwalt's law for a non-Newtonian fluid 't = kD2 n varies generally from
0.6 to 1.6, then b can be written as 1 due to n variations. Here k is the viscosity
coefficient, and 't is the shear stress. The coefficient of the exit geometry, m is
determined experimentally for each capillary. The curve Log 't = f(log D) of a coating
color is plotted for different capillaries without correction for kinetic energy. For a given
shear rate Di, the slope ni of the curve must be the same for all capillaries. With
successive experiments, the coefficient m is determined for each capillary (19, 25).
Entrance Correction
The convergent flow of the fluid at the entrance of the capillary causes a change
of direction and an acceleration which shows up as energy consumption through viscous
friction. This case arises from viscous and elastic effects at the entrance to the capillary.
The variation in pressure drop from this energy consumption is subtracted from the total
pressure drop is observed (25).
Couette has added an imaginary length which is determined graphically using
Bagley's straight line method on several capillaries.
Shear rate is modified as shown in equation 8 .

.L\Pr
2(1 +er)

't =---

(7)
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Then a single curve, independent of the capillary used is obtained (26).
Rotational Viscometers
The three types of rotational viscometers used in the paper industry are; coaxial
cylinders, a rotating plate, and cone and plate. Regardless of the type used fluid is placed
into an annular gap between the two surfaces, and the resulting viscous drag (stress) is
observed.
The coaxial cylinder is also called concentric cylinder, or couette type. Either the
bob is rotated at various constant speeds, and the torque which is acting on either the cup
or the bob is measured by a transducer, or a constant torque is applied to the cylinder
while the bob's rotation speed is measured by a tachometer. In some cases, the
viscometer is modified in order to rotate the outer cylinder (cup) while the torque is
measured by a transducer which is on the shaft on the inner cylinder (13, 19, 26, 27).
Hercules High Shear Viscometer operates under the principles the first described
The rotation of the bob creates a velocity gradient in the fluid across the gap. An
approximately constant shear rate is obtained by narrowing the gap for Newtonian fluids.
The major advantage of the coaxial viscometer, is that a nearly constant shear rate is
generated throughout the entire volume of fluid. For this reason, this type of flow pattern
is very similar to the flow restrained between two flat parallel plates, one of which is
moved relative to the other (12, 26, 27, 28).
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The torque measured while varying the rotational speed of the bob can be
interpreted to find the variation of shear stress as a function of shear rate as shown in
equation 9.

(8)

Where Mis the torque produced by the angular rotation rate, "w" in radians per second,
� is the arbitrary radius between bob radius r 1 and cup radius r2, and h is the immersed
length of the cylinder or height of the bob in centimeters.
The apparent viscosity (for non-Newtonian liquids) is generally calculated at the
maximum rotational speed at the peak of the rheogram and its mathematical formulation
is as follows:
µ = 9.55M s/rpm

(9)

where Mis the torque in dynes-cm, rpm is the rotational speed of the bob in revolutions
per minute, and s is the geometrical factor since the geometry of coaxial cylinder
influences non-Newtonian flows (12, 28). The following equation is used to derives:

(10)

Concept of Viscoelasticity
Coatings are not only non-Newtonian fluids, but are also viscoelastic in nature.
The elastic properties of a coating are associated with the interactions between the
dissolved polymers in aqueous phase and the solid particles of the coating color. The
degree of viscoelasticity depends on the coating formulation. The dissolved polymers
in the aqueous phase have the strongest effect on viscoelasticity (29).
A viscoelastic fluid develops both shear stresses in relation to its viscosity and
normal stresses to the shear plane when it is sheared (16, 26). Elastic flow behavior
basically arises from distortion of randomly coiled particles, polymer molecules and
particle-polymer interactions by the shear forces with resultant orientation of the
molecular segments (24, 29, 30). The entanglements are basically temporary cross-links
and they have time to slip and become disengaged before enough stress develops and
orients the molecules at very low shear rates. As the shear rate gradually increases, the
segments between entanglements become oriented before becoming disengaged. While
load-bearing entanglement disappears, another entanglement which is not load-bearing
or load-carrying develops, and rates of destruction and formation of entanglements
become equal. This flow behavior is explained as a tendency of the dispersion to return
its original randomly coiled arrangement. Polymer binder molecular entanglements
increase both elasticity and viscosity of a coating color, since it becomes more difficult
to flow. At very high shear rates entanglements are broken down, and this occurrence
is faster than they are reformed. This gives shear-thinning behavior and a reduction of
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the elastic component under high shear or short shear times due to the lack of structure
(26).
Dynamic Stress Rheometers
Dynamic stress rheometers are multifunctional ·devices used to measure viscosity,
normal forces and viscoelasticity at low and high stress values. They can be operated
with a variety of geometries such as couette, double couette, cone, and parallel plates.
They are also capable of operating over a wide frequency range. The angular frequency
for a dynamic stress rheometer resembles a shear rate for a rotational viscometer.
The basic operation principal of a dynamic stress rheometer is as follows. The
sample is deformed under stress by an oscillating driver or by a rotational force. The
oscillating driver operates either mechanically or electromagnetically. The amplitude of
the sinusoidal wave form is measured by a strain transducer. A rigid spring or torsion
bar attached to the stress transducer is deformed in small amounts giving the quantity of
the force that deforms the sample. Energy dissipated by the viscous fluid causes a phase
difference between the input stress and output strain signals. The rheological behavior
of a fluid is determined from the amplitudes of the stress and the strain and the phase
angle between them.
The application of harmonically varying stress to the sample results in the
generation of a harmonically varying strain. The generated strain magnitude will vary
with the same frequency as that of the stress that was applied and will be out of phase by
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an angle, o. If the deformation is in a linear manner, then the amplitude of the applied
stress is proportional to the amplitude of the resultant strain.
The stress and the strain for dynamic stress rheometers are given in equations 12
and 13:

a = a0 cos(ult),
y

=

y 0 cos(ult-o)

(11)

(12)

Where a is the amplitude of the applied stress, a0 is the amplitude of the resultant
(max)stress, y is the amplitude of the applied strain and y O is the amplitude of the
resultant (max) strain, w is the angular frequency.
Amplitude ratio is defined as aofy 0. When the deformation is in linear flow
regime, then the amplitude ratio and phase angle can be considered as a characteristic
material property of the system, at a given angular frequency. If the system behaves as
a perfectly viscous liquid, then the phase angle (or displacement) will be 90 ° (radians).
If the system behaves exactly as a perfect Hookean solid, then the stress and the strain
waveforms will be exactly in phase. Practically, in real systems phase displacement will
be somewhere in between the two extreme cases, depending on the frequency of the
deformation process. For these systems it is preferred to resolve the strain into two
components, one is in phase with the stress representing the elastic component of the
deformation, and one is out of phase which represents the viscous component of
deformation. The relationship is given in equation 14:
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y = y O cose cos( wt) + y O sine sin( wt)

(13)

Where y O cose and y O sine are the amplitudes of the in phase and out of phase
components of the strain respectively.
For stress, same relationship is valid and given in equation 15

a = a0 cose cos( wt) + a0 sine sin(wt)

(14)

The shear storage modulus, G', is then defined as follows:
(15)

Similarly, the shear loss modulus, G", is given in equation 17:
G 11

=

aosine/yo

(16)

The combination of equations 16 and 17 gives the lost tangent value which can
be used to describe the elasticity of a material:
tane = G 11 I G 1

(17)

In the case of a predominantly elastic system both the phase displacement and the
corresponding loss tangent tend to zero. In contrary, for a predominantly viscous system,
the phase displacement ratio is 90 ° and the loss tangent will tend toward infinity.
µ1

=

G II I w

(18)

Where µ' is the viscosity.
�per Coatings
Binder Type: Polyvinyl Alcohol
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Polyvinyl alcohols (PVOH) are distinguished from other binders by their film
strength and binding power. The binding power of polyvinyl alcohol is much higher than
that of other paper coating binders, such as starch and casein. The high binding power
of PVOH prevents dusting and printing problems related to binder interference with ink
absorption. Polyviny 1 alcohol improves the optical properties of paper compared to other
coating binders. Finally, PVOH has a high affinity to water, high tensile strength, and
excellent flexibility (31 ). When plasticized, it gives odorless, non-toxic features and the
ability to produce colorless, transparent, tough films that are unaffected by oils, grease,
all gases and most organic solvents.
Polyvinyl alcohol is produced by the hydrolysis of polyvinyl acetate. Vinyl
acetate is produced by the acetylene and acidic acid reaction, and then it is polymerized
to polyvinyl acetate. PVOH can possess different physical and chemical properties due
to varying polymerization of the intermediate polyvinyl acetate that effects the molecular
weight of the PVOH (32,33). The molecular weight of PVOH is expressed in terms of
a 4% solution viscosity. The molecular weight of PVOH controls the binding power for
pigment adhesion and determines coating rheology together with the degree ofhydrolysis

(percent hydrolysis). The viscosities of different grades of PVOH are classified as ultra
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low, low, medium, and high and the degree of hydrolysis (conversion of vinyl acetate to
vinyl alcohol) is classified as super (99.3%), fully intermediate (95.5-97.5%), and
partially (88%) (31, 33).
If the polyvinyl acetates are hydrolyzed less than 70%, the PVOH is not
completely soluble in water. The degree of hydrolysis also determines tensile strength,
flexibility, water sensitivity, solvent resistance, receptivity and emulsifying power. Super
and fully hydrolyzed PVOH have the maximum tensile strengths, viscosities, and grease
and solvent resistant properties. Partially hydrolyzed grades possess greater receptivity
to plasticizers, better emulsifying power and are less sensitive to water (31).
PVOH is not soluble in cold water as a result of its crystalline nature, but it is
soluble in hot water. Dissolution temperature is determined by the degree of hydrolysis,
molecular weight and stereo regularity of the polymer (at least 80° C). To provide
complete dissolution, the dissolution temperature must be maintained for more than
twenty minutes. However, the completely dissolved polymer is prone to gelation,
aggregation, or crystallization when the solution is cooled back, and this phenomenon
is increased by shear or stirring. This network in suspension is stronger than the network
created by pigment-pigment interactions resulting in an ncreased water holding ability,
and an increased viscosity at lower shear rates. However, as shear rates increase, the gels
are broken, releasing previously entrapped water, consequently causing the viscosity to
decrease. Geling occurrence increases with increasing polymer concentrations in the
solution (34).

PVOH may cause pigment shock (abnormal viscosity increase). However,

pigment shock can be reduced by first adding a small amount of low molecular weight
alcohol to the pigment suspension before adding the PVOH. Several mechanisms govern

the shock effect. One is that the hydroxyl groups of the PVOH adsorb onto oxygen sites
on the pigment. Bridging may also occur between ·pvoH and silica pigment surface
molecules causing the system to be shocked (16, 33).J
Pigment Type: S1Ilca
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High structure amorphous silica pigments are utilized in paper industry,

particularly for inkjet papers. They give improved ink receptivity, high brightness, high
opacity, high bulking capacity, and improve oil and water absorption, abrasion, and gloss

on paper (35, 36). Silica's ability to increase coating brightness is higher than that of

clay, but lower than titanium dioxide. Although their refractive index is as low as that

of fiber, they have a high opacifying power because they posses a higher surface area
compared to other pigments, due to their flocculated morphology and small particle size.

Silica sols, which are termed as a stable dispersion of discrete particles of

amorphous silica, are prepared by polymerizing monomeric silica. In the polymerization
process, siloxane linkages are maximized and uncondensed silanol groups are

minimized. Polymerization takes place through the monomer, dimer, and oligomer and

to the discrete (primary) particle. Primary particles are in the range of 10-90 nanometers.

The primary particles aggregate into larger aggregates by hydrogen bonds to form three
dimensional primary aggregated structures. The maximum aggregate size formed during
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precipitation is less than 1 micron. Precipitation conditions such as temperature, pH,
solids content, concentration and addition sequence of reactants, significantly influence
the properties of the particles. The precipitation conditions determine whether the
discrete particles develop into three-dimensional gels or larger discrete aggregates (36,
37). These primary aggregates are strong and not easily broken.
Amorphous silica consists of primary aggregates formed by hydrogen bonds.
This highly structured amorphous silica reveals large external and internal void volumes
of high porosity and high surface area. However, these agglomerates are fairly weak and
are more easily broken with increasing size. They can be easily disturbed with increasing
shear rates causing collapse of the internal and external void volume. The agglomerate
size range is of 0.4-0.3 micron (36).
Gelled Silica is produced in such a way that small primary particles come
together in an agglomeration process under conditions where the silanol groups on the
surface condense to form siloxane bonds. As a result of this polymer isolation process,
a three-dimensional network is formed and the network entrains the water giving rigid,
gel-like materials having a large internal porosity. The network is then aged and dried,
to maximize the formation of siloxane bonds and produce a structure that resembles a
sponge on a molecular scale. Fumed silica is produced by the flame hydrolysis of silica
tetrachloride or tetrafluoride. The product of flame hydrolysis is an aerosol of small
primary particles having size range between 7 and 40 nanometers in diameter. Fumed
silica particles are originally non-porous, and bond with each other with hydrogen bonds
into aggregates to form micron-sized agglomerates. The porosity of these networks are
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created by the dense packing of the particles in the secondary structure. These secondary
particles (agglomerates) are weak and can be easily broken with shear forces. When
structures are destroyed by shear the inherent porosity of the particles are lost, causing
a build up in viscosity. Precipitated silica pigments are similar to fumed silica in
structure and they way they are produced. However one exception is that for precipitated
silica pigments, only the primary particles are precipitated from the solution, and the
pigments then separated from the mother liquor and washed. (36, 3 7). Both fumed and
precipitated silica agglomerates consist of non-porous primary particles, similar to a
cluster of grapes on a molecular scale. The porosity is created in these silica pigments
results from the voids between the non-porous particles and easily destroyed under high
shear conditions.
The viscosity of the silica slurries (in water) depends primarily on the porosity
of the silica particles because as water becomes entrained in the pores viscosity increases.
As a result, viscosity is an exponential function of silica solids content.
Silica pigments have different rheological properties than other paper coating
pigments. First, they are anionic in aqueous suspensions and do not exhibit an isoelectric
point. For example, titanium dioxide has an isoelectric point at pH=5.0 below which
TiO2 can not be easily dispersed. However, between pH 5.0-9.0, TiO2 particles can be
easily dispersed due to the development of a flocculated structure. Clay particles show
the same flocculation characteristics around an isoelectric point of pH = 7.0 (24, 35).
Flocculation arises from the dual charge character of pigments. Although the
flocculation does not take place at a given pH for silicate, silicate pigments rarely occur

as individual particles in the coating slurry. Silica pigments naturally form loosely knit
aggregates having large void volumes in the aggregates. The natural flocculation
involves physical interactions other chemical bonding relationships. Thus. any anionic
or nonionic dispersants have little effect on the degree of dispersion. On the other hand,
strong cationic polyacrylamides or alum has a strong effect on flocculation at varying
pHs.
Secondly, flocculated silicas exhibit comparatively high viscosities and require
more binder in coating formulations due to their higher surface area (31 ).
Highly structured silicas are dispersed easily at low solids but have rheological
properties markedly different from other coatings which prevents them from being
prepared in high solid slurries. The maximum practical solids content is typically half
that obtainable for other paper coating pigments e.g., Ti02 and clay.

The most

predominant use for silica pigments in the paper industry is for inkjet paper coatings.
Sileas are used in inkjet paper coatings for improved ink receptivity, high brightness,
high opacity, oil and water absorption, abrasion resistance, and gloss.
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CHAPTER III
STATEMENT OF THE PROBLEM AND OBJECTIVES
The trend towards the use of higher solids paper coatings and higher application
speeds has brought coating formulations close to their rheological limits. As a result of
this trend, dilatant behaviors in coatings is observed more frequently. Dilatant coating
behavior has been shown to be the cause of streaks and scratches in blade coating (2).
It has also been suggested that the shear plugging (blocking) of filter screens may also
be related to dilatancy. Shear blocking is defined as the blocking-off of the screens due
to ordered flow, rather than from plugging due to oversized particles. However, more
work is needed in order to determine the coating and filter parameters which most
significantly influence shear blocking.
Shear blocking is considered to be a form of dilatancy where viscosity increases
drastically and flow is prevented. This is due to a change in the pigment particle packing
structure during flow through the screen due to high shear rates or some unknown flow
regime. High shear is experienced as a coating passes through the stationary and narrow
capillary slots of a filter. The critical shear rate at which dilatancy occurs is defined as
the shear rate where a sharp increase in viscosity occurs. Shear blocking results in a drop
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in the volumetric capacity through the filter and an increase in pressure across the filter.
A high solids content (pigment) is typically needed for shear blocking behavior.
The objective of this study was to develop a method for evaluating the propensity
of coating formulations to produce a shear blocking effect during filtering. The
development of a new evaluation technique will enable the maximum flow capacity of
a coating through a filtering system to be determined during coating formulating.
Knowing the maximum flow capacity through a filter will enable papermakers to
optimize their coatings formulations to achieve maximum throughput. The main
objectives of this study were as follows:
1. To manipulate the coating parameters such as pigment selection, solids, and
binder ratios of an ink jet coating formulation to determine the formulation which
exhibited the most significant dilatant behavior.
2. To induce screen plugging for formulations demonstrating dilatant behavior.
3. To determine the filter parameters (slot size, flow rate, and surface area) which
most significantly influence filter plugging.
4. To postulate a theory or mechanism to explain the propensity for ink jet
coatings to plug, and relate to rheolgical properties of the coating.
Coating parameters such as pigment-binder ratio, solids, and temperature were
manipulated in attempt to form a dilatant coating. The coatings were run under the most
extreme conditions in an attempt to induce filter plugging. The rheological properties
of the coatings were then studied to develop a relation between rheological properties and
filtering behavior.

CHAPTERIV
EXPERIMENTAL DESIGN AND METHODOLOGY
Experimental Design
The experimental study is divided into two phases.

Phase 1 involves

determination of coating formulations that give different viscosity curve attributes.
The formulation variables for the different viscosity curves are: addition levels of
silica, calcined clay, calcium carbonate , and solids content.
Coating characterization involves determining the effect of dispersion method,
coating components, and solids levels on viscosity measurements from the Hercules
high shear viscometer.
The coatings were based on precipitated silica slurries (Huber, Opticil 3186)
with varied levels of substitution of calcined clay (HydroCarb 90) and ground
calcium carbonate (Ansilex 93). The binder, partially hydrolyzed polyvinyl alcohol,
was fixed with addition level varied. The viscosity of the various coatings were than
measured to determine under what conditions dilatant behavior would be induced for
the filtering work.
A 20% silica slurry was viewed under Nikon Optiphoto Microscope with
CCD camera to determine the state of flocculation.
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Precipitated silica slurries and coatings containing polyvinyl alcohol and silica
were prepared at three different solids levels. Their, low, high, and very high shear
viscosities were measured using a Brookfield RVT, Hercules, and Eklund Capillary
viscometer. The viscoelastic properties of these coatings, and their components were
also determined.
In phase 2, coatings demonstrating various levels of dilatant behavior were to
been run. Since none of the coatings showed dilatant behavior, the highest solids
coatings were chosen for additional filtering studies, on the assumption that they were
most likely candidate for pluggirig during filtering. Formulations were pre-screened in
order to eliminate large particles that could plug the screen, and the screening tests were
run. Multiple runs were done for each coating, where the screen slot size and total open
area of the screens were varied by blocking off part of the screen with tape. During each
filtering test, the flow rate was varied, and the pressure drop across the screen and
temperature of the coatings measured. The behavior of the coatings during the filtering
runs was then correlated to the rheological measurements.
Methodology
Coating Preparation
To prepare the coating, pigment slurries were first prepared by dispersing the dry
pigment with of 25 ° C distilled water under agitation. The pigment addition was made
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slowly using a high variable speed disperser at a high speed. To allow for complete
dispersion, the pigments were dispersed for more than 45 minutes.
A 17% polyvinyl alcohol solution (Air Products, Airvol 523) was prepared by
adding dry PVOH to an appropriate amount of 25 ° C distilled water under agitation. The
solution was then cooked to 95 ° C using a steam bath and held at this temperature for 35
minutes with mixing until all the polyvinyl alcohol was dissolved. The polyvinyl alcohol
was then cooled to 30° C and mixed with the desired pigment slurries using a low speed
mixer. The speed of the mixer was adjusted to maintain a slight vortex without
incorporating air. The coatings were mixed for 75-90 minutes.
Dispersion Method of Precipitated Silica
Precipitated silica slurries (Huber, Opticil 3186) were prepared at two different
solid levels by dispersing the silica into distilled water with a Premier high shear
disperser. The pigments were mixed for up to one hour until completely dispersed,
where complete dispersion was assumed when a constant viscosity was reached. The
viscosity of the slurries were measured with a Brookfield RVT viscometer (#3 spindle
@ 50 rpm) every 15 minutes. The rheological properties of the slurries were then
measured at 25 ° C.
Particle Size Characterization
The particle size distribution of the silica was measured by Huber Incorporated
using an acoustic attenuation spectroscopy instrument (Malvern, Mastersizer Micro

System). Acoustic attenuation spectroscopy uses ultra sound rather than light to examine
the sample. The advantages of using this method over conventional techniques are that
opaque samples and suspensions at high concentrations (.5-50% by volume) can be
effectively measured over a wide size range (.01-1000 µm).
A 20% slurry of silica was viewed under Nikon Optiphot Microscope with CCD
camera, from grabben and ImagePro image analyses software to determine the state of
particle flocculation.
Characterization of High Shear Properties
Various coating formulations were prepared usmg different pigment
combinations as given in Table 3.
The rheological properties of the coatings were characterized using a Hercules
high shear viscometer. The Hercules high shear viscometer was used as a "pre
screening" tool for dilatancy. Coatings were prescreened for dilatancy on the Hercules
viscometer rather than an Eklund high shear capillary rheometer because it was
determined that the shear rates achieved during filtration were within the operating range
for this instrument (103 -105 sec-'). Estimated shear rates are 103 to 104 sec-' (See
Appendix A).
Individual Component Rheology
In order to distinguish between the contribution of the polyvinyl alcohol, and
silica to the rheological properties of the coating, the rheological properties of each
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Table 3
Coatings Prepared for Dilatancy, 40 Parts PVOH per 100 Parts Pigment
Total Solids
(%)

Silica Optisil 3186
(parts)

Calcium Carbonate
HydroCarb 90
(parts)

Calcined Clay
Ansilex 93
(parts)

21

60
80
80

-20
0
20

20
20
0

23

80
60
50
20
0
80
60
40
20
0
60

20
40
60
80
100
0
0
0
0
0
20

0
0
0
0
0
20
40
60
80
100
20

26

80
80
60

20
0
20

0
20
20

30

80
80
60

. 20
0
20

0
20
20

component were measured separately. Measurements were performed on a 17% solution
of polyvinyl alcohol, since this is the level it is mixed at and would be added to a silica
slurry in the coating formulation. The rheological properties of silica slurries prepared
at 17, 20 and 23% solids were also measured. The rheological properties of three
coatings containing 17% PVOH and 17, 20 and 23% silica was then measured.
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The viscoelastic properties ofthe coatings were measured using a Rheometrics
Dynamic Stress Rheometer (DSR 5000). The rheology of the coatings were also
characterized under the application oflow and high shear using a Brookfield RVT. and
Eklund capillary viscometer.
The 17% solution was prepared by adding dry PVOH to an appropriate amount
of25° C distilled water under agitation. The solution was cooked to 95° using a steam
bath and held at this temperature for 35 minutes until all the polyvinyl alcohol was
dissolved. The polyvinyl alcohol was then cooled to 30° C and the rheological properties
measured.
Coating Filtration
The coatings were filtered using a small scale Ronningen Peter filter. The
filtering system is outlined in Figure 10. To manipulate the shear rates through the
filters, the slot sizes of the filters, pump speed and surface area of the screens were
altered. The most difficult filtering conditions were obtained by pumping the coating at
23% solids through the smallest screen (slot size =.00508 cm) at the highest flow rate
(1.16 gpm) The flow rate was determined by measuring the time required for the pump
to fill a 1000 ml graduated beaker. A variable speed motor enabled the flow rate ofthe
pump to be varied between .105 and 1.16 gallons/min. Total screen area in these
measurements was 7.856 cm2• Measurements were then repeated after taping halfofthe
filter with duct tape to reduce the surface area of the filter by half (3.928 cm2). The
pressure drop across the filter was measured for each run to determine ifshear blocking
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gauge

Filter
Bucket

Reservoir

Pump

Figure 10. Filtration Design.
or dilatancy was occurring. If a ten fold increase in the pressure differential across the
filter was observed (indicating shear blocking),the filtering process would be stopped and
pictures taken of the screens. The screening critical shear rate would then be calculated
(based on Newtonian flow) from the filtering conditions (See Appendix A). If shear
blocking was observed, experiments would then be repeated, altering the filtering
conditions and calculating a new critical shear for each condition. The critical shear rate
would then be plotted against flow rate, surface area of the screen, and slot size of the
screen, to determine which parameter could best predict shear blocking.

CHAPTER V
RESULTS AND DISCUSSION
Effect of Dispersing Time on Slurry Stability
It was determined that the dispersing time had little effect on the viscosity of
comparatively low solids precipitated silica slurries as shown in Figure 11. However,
at higher solids the viscosity and temperature of the silica slurry significantly increased
with time. A 60 °C temperature increase was observed from 25 °C to 85 °C. The increase
in temperature was believed to have occurred due to the collision between silica particles
and frictional forces generated by the disperser. As a result of this viscous heating water
may have evaporated causing the solids and viscosity of the slurry to increase. This
would have a more substantial affect on a high solids coating which the results show.
While the solids did not increase for the 20% slurry during dispersing, the solids for the
23% slurry increased from 23% to 25%. Thus, it was necessary to add water to this
slurry after dispersing to obtain the desired solids level. The results indicate, that when
high solids silica coatings are prepared, it is important that the coating solids be
monitored to assure that evaporation losses do not occur over time. This also holds true
for other process applications where high shear conditions could cause the temperature
of the coating or slurry to increase to where evaporated losses could be significant.
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Figure 11. Influence ofDispersing Time on Slurry Viscosity. The diamonds and squares
represent the 20%, and 23% slurries, respectively.
Particle Distribution
The particle size distribution of the Huber Opticil 3186 silica is given in Figure
12 and does not indicate that the silica particles should block in the screen. The smallest
screen size, using 50 microns, is larger than the silica size. Large single particles that are
incapable of passing through the screen slots do not exist. Thus, plugging could not be
caused by an accumulation oflarge single particles on the screen surface interfering with
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Figure 12. Precipitated Silica Pigment Particle Size Distribution.

the flow of the smaller particles through the screen slots. Incompletely dispersed
particles could still exist, which is why pre-screening of the coatings was carried out.

Influence of Coating Solids and Pigment Type on Viscosity

The influences of pigment ratios and pigment selection on coating viscosity are
shown in Figures 13-17. All formulations are shown to be shear thinning , since the low
shear viscosity (5,038 sec-') is consistently much larger than the high shear (55,418 sec- 1).
The results indicate that replacement of calcium carbonate and calcined clay with silica
does not enable the total coating solids to be appreciably increased. The highest
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Figure 17. Influence of Calcined Clay Addition on Coating Viscosity at 23% Solids.
attainable coating solids could be achieved was 30%. Above this level, the coating
became a heavy gel, and a critical concentration is reached. The 21% coating had the
lowest low shear viscosity while the 30% coating had the highest. This is probably due
to the poorer dispersibilty of these coatings. The pigments were difficult to disperse into
the 30% solids coatings. A different dispersing blade may have helped. On the other
hand, the high shear (55414 sec·1) viscosity values were not significantly influenced by
the level of solids, this indicates that most of the coating structures are destroyed at this
shear rate.
The influence of solids level for a calcium carbonate substituted coating on
viscosity is shown in Figure 14. The results show similar behaviors to those in Figure
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13, and indicate that the replacement of silica with calcium carbonate does not enable the
total solids of the coating to be prepared above 30%.
Similarly, the effect of substituting silica with calcined clay did not significantly
change the rheological properties of the coatings as shown in Figure 15.
A comparison of Figures 13, 14 and 15 shows the low shear viscosity values
(5038 sec·1) to be dependent on silica solids.
Figure 16 and Figure 17 show the effect of manipulating the ratios of calcium
carbonate, calcined clay and silica, on coating viscosity. From these figures it is seen that
the amount of silica present most strongly influences the low shear viscosity of coatings.
This is most likely due to the higher surface area and porosity of the silica in comparison
to the other two pigments.
As shown in Figures 12-17, regardless of the pigment ratio or pigment selection
~I
used, all the coatings were shear thinning. However, as indicated by the shear
stress

values in Table 4, the high solids coatings and coatings containing more silica were more
shear resistant. This is due in part to silica having a lower density, and thus a higher

....

....

volume fraction at the same weight fraction, but mostly due to its larger surface area and
dense strong structures (clusters) that form. These agglomerated silica particles tend to
have a greater resistance to shear induced disturbances which will be illustrated in
constant stress measurements.

The high shear measurements in Figures 13 through 17 show the viscosity
response of coatings to an increase of total solids content and to the replacement of silica
with calcined clay and calcium carbonate at increasing ratios. The results
indicate that
•
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Table 4
Shear Stress Values for Various Coatings
(Silica: CaCO 3 ; Calcined Clay)
Coating

Shear Stress (dynes/cm2l

23% Solids
0:100:0
20:80:0
40:60:0
60:40:0
40:0:60

8,800
13,280
19,080
25,306
27,520

% Solids

Formulation (60:20:20)

21
23
26
30

10,680
65,520
72,800
73,240

regardless of the percentage or type of pigment used, shear induced dilatancy was not
observed in the shear range and formulations measured. The results do not support the
findings previously reported by John Boylan (31-38), which reported that a coating
formulation containing only silica, and polyvinyl alcohol became dilatant under high
shear conditions at the solids range tested. The same silica and polyvinyl alcohol were
used, so the reason for the discrepancy is not only unknown, but misleading to this work.
As previously mentioned, the shear range for the Hercules viscometer is in the
shear range experienced during the filtering process. Neither the base polyvinyl alcohol
and silica formulation or pigment replacement to get to higher solids level generated the
desired dilatant behavior in this shear range. Thus, since the formulated coatings did not

exhibit a dilatant behavior in this shear range, either our formulation choice was wrong
for this study, shear blocking is not the cause of filter blocking, or some other
commercial condition is causing filter plugging.
Since the higher shear studies did not indicate a dilatant behavior for any of the
coatings prepared, additional rheological measurements were performed to determine if
the degree of pigment-to-binder interaction could be characterized using viscoelastic
measurements. A strong interactive effect would indicate the presence of stronger, more
shear resistant structures, or the presence of network or aggregated structures.
Polyvinyl Alcohol Rheology
The 17 % solution of PVOH was tested under high shear rates using a Hercules
and Eklund capillary viscometer. The viscosity curve, given in Figure 18, shows the
polyvinyl alcohol solution to be shear thinning.
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Figure 18. High Shear Viscosity of 17% Polyvinyl Alcohol.
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Dynamic stress measurements for the PVOH also shown shear thinning after a
yield stress of 80 dynes/cm2 as shown in Figure 19. The three different slopes in the
curve represent three distinctive flow regimes for this polymer where the initial region
below 10 dynes/cm2 is due to instrument artifacts. In the first linear region the viscosity
is increasing with stress. This is due to the alignment and resistance of the PVOH
molecules to flow. At a critical stress of 80 dynes/cm2 the solution begins to flow. This
region resembles a power law region where the flow response is shear thinning. At 1000
dynes/cm2, all structure is destroyed and the PVOH behaves as a Newtonian fluid. A
sharp discontinuity occurs at 1000 dynes/cm2, where the PVOH seems to undergo almost
instantaneous structure destruction.
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Figure 19. Steady Stress Sweep for 17% Polyvinyl Alcohol Solution.
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The elastic (G'), and storage (G") modulus values of the polyvinyl alcohol
solution are shown in Figure 20. The dynamic stress sweep curve shows the linear
viscoelastic region for the 17% polyvinyl alcohol solution to be very long (81000dyn/cm2 ), indicating the structures to be highly interactive. The dynamic frequency
sweep curve is given Figure 21 and shows the solution to be viscoelastic with the viscous
properties dominating as indicated by the G" moduli being two order of magnitudes
higher than the G' values. This would be expected for a non-pigmented solution. The
high viscous modulus values indicates the strong hydrodynamic forces present in the
solution due to the hydrogen bonding between the water and hydroxyls on the alcohol.
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triangles represent the elastic moduli, and loss moduli, respectively.
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Pigment (Silica) Contributions
Figure 22 shows that regardless of the solids tested, the silica slurries were shear
thinning at high rates of shear for the Hercules and Eklund capillary testing.
Figure 23 and 24 show the dependence of the elastic and loss modulus on the
percent of silica addition. The increase in modulus with solids indicates that the silica
particles are interacting with one another, probably through hydrogen bonding between
silanol groups (38). This emphasizes the strong influence of particle size (surface area)
on the interactive contributions of silica within a coating. This is confirmed in Figures
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23-24 also show the 20 and 23% slurries to be slightly more elastic than viscous as larger
network structures are formed.
Figure 25 shows a dependence of the critical yield stress on % silica solids, as
given by the sudden drop in elastic modulus. Since the yield stress gives an indication
of the strength of the structure, the strength of the structures in the 17 and 20% slurries
are weaker than those formed at 23% solids. Thus, more total bonding sites must be
present at this level of solids. The shape of the 23% solids curve indicates the presence
of two yield points at 400 dynes/cm2 and 900 dynes/cm2• The presence of two yield
points indicates that presence of two different structures that break down.
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The influence of low shear on the rheology of the silica slurries is shown in
Figure 26 where Eta(�) represents viscosity and [P] represents the unit pascal. All the
slurries show a shear thinning behavior. The low shear viscosity values, increased with
% silica solids, with the biggest difference being between 20 and 23% solids.
Microscopic Observations of Silica Aggregates
Figures 27 and 28 show the formation of silica aggregates formed upon drying.
The drying was done by placing a 20% aqueous solution on a microscope slide. The
pictures were taken using a Wyko interference microscope. Figure 27 shows the absence
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Figure 27. Silica Particles Before Drying.
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Figure 28. Silica Particles After Drying.
of silica aggregates in the solution before drying. As indicated by the scale in the picture,
at this point, all particles are less than 10 µm in size.
Figure 28 show the affect of heating on the formation of silica aggregates. As the
water is evaporated, surface tension forces pull the silica particles closer together,
causing larger silica aggregates to form. The silica particles dried very quickly and as
they did, the aggregates formed like a domino effect.
The lack of a presence of silica aggregates in the slurry indicated that the
dispersions were being properly prepared. The formation of aggregates with the loss of
water due to evaporation supports our earlier findings that the stability of silica
dispersions is sensitive to the total solids content. In fact all the results support these
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findings. Filtration problems may therefore in some way be related to the localized
variation in coating solids due to flow patterns.

Rheology of Silica/Polyvinyl Alcohol Coatings

The influence of high shear on the viscosity of silica/PVOH coatings is shown in
Figure 29. The shape of the curve demonstrates the shear thinning behavior of these
coatings in direct contradiction to the work of Boylan (39). The 23% solids coating was
found to have a higher initial viscosity, indicating more interaction among its
components or hydrodynamic effects.
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The viscoelastic properties of 17% silica/polyvinyl alcohol coatings are shown
in Figure 30. For this coating, a crossover point between the G' and G" occurs at a
frequency of .4 rad./sec. Both moduli also increase with frequency. Both trends are
typical for entanglement network systems.
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The effect of concentration on the silica/polyvinyl alcohol coatings is given in
Figures 31 and 32 which show the relationship between the elastic (G') and viscous
moduli (G") of the coatings and coating solids. For the 17% silica/polyvinyl alcohol
coating it is observed that the coating exhibits characteristics of viscous solution since
the loss modulus is larger than the elastic modulus until the cross over point is reached.
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At this point the entangled structures are no longer able to relax and therefore respond
more as a solid which causes the G' to increase with frequency.
On the other hand, the 23% solids coating exhibited more of a gel-like
characteristic response with an elastic modulus (G') larger than the loss modulus (G")
and both showing no dependency on frequency. The difference between the 17 and 23%
curves is believed to be due to the higher concentration of silica promoting a higher
interaction between the octyl chains on the silica with the hydroxyls on the PVOH and
other silica particles, giving rise to a gel-like response as previously reported by Khan
and Zoeller (39).
The dynamic stress sweeps performed on the PVOH/silica coatings revealed two
critical yield values for each coating as shown in Figure 33. The yield value increased
with silica content. The first critical yield value for the 17, 20 and 23% coatings were
1, 3 and 10 dynes/cm2 , respectively. The second critical yield values were 70, 80 and 700
dyne/cm2 , respectively.
Figure 34 shows that silica/PVOH coatings are shear thinning and have extremely
high initial viscosity values. The viscosity once again increased with the silica content.
The greater shear thinning behavior for the 23% solids coating indicating more apparent
and stronger three dimensional strong gel-like structures.

Stability Studies

The viscosities ofthe coatings were measured over a 72 hour period oftime. The
measurement results are given in Figure 35. During this time period, no deterioration or
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significant increases in viscosity were observed, indicating that shear resistant coating
structures are not forming with time. This would indicate that filtering problems are not
caused by coating structure building-up within the system with time e.g., long retention
times when the coater goes off-line or stagnant coating due to poor circulation.
Normal Force Measurements
Normal force measurements were also attempted to determine if shear blocking
could be the result of a shear thickening extensional flow phenomena. Unfortunately it
was discovered that the normal forces were too high for the instrument to measure.
When trying to measure the samples, the instrument kicked-out due to a safety feature
which prevent the overload of the normal force sensors. Thus, it was determined that the
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normal forces for the 23% solids coating were very high. This was also confirmed when
trying to run the coating on the Eklund capillary viscometer. The flow was very slow
through the capillary, making measurements greater than 240,000 sec· 1 impossible. It
was also observed when unloading the 23% solid sample from between the two parallel
plates on the stress rheometer that the coating extended and "necked down" before
breaking. This indicates a high extensional viscosity component, which may play a role,
but was not measured.
Coating Filtration
Three silica/polyvinyl alcohol coatings were prepared and filtered. The highest
achievable level of silica solids with PVOH was 23%. Above this concentration, the
coating formed a heavy non-flowing gel. The most difficult filtering conditions were
obtained by pumping the coating at 23% solids through the smallest screen (slot size
=.00508 inches) at the highest flow rate (1.16 gpm).
The filtration of three silica/polyvinyl alcohol coatings of varying solids content
under the most difficult conditions (lowest screen surface area, smallest size of filter,
highest flow rates), produced no filter blocking effect. Pressure differences across the
filter remained constant or decreases slightly for all conditions where 50% of the filter
surface area was exposed. However, when 75% of the filter area was decreased a
noticeable difference in pressure was observed across the filter. Figures 36 and 37 give
the differential pressure changes across the filter at high flow rate and low flow rate,
respectively. At a high flow rate (.9 gpm, residence time = 50 seconds), the differential
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pressure across the filter decreased with time. While at a slower flow rate (.1 gpm,
residence time = 500sec.), the differential pressure across the filter increased. The
increase in pressure at the low flow rate is believed to be the result of the structure
recovering which increases the viscosity of the material. Conversely, at the higher flow
rate, the structure does not have a chance to recover and remains disrupted or broken
down due to the shearing forces within the filter, thus the viscosity and pressure
decreases.
The only time filtration plugging was observed was during one trial experiment
when a 20% slurry was being pumped through a 0.00508 inch slot size filter that was
taped to reduce its surface area by 50%. At the highest flow rate (1.16 gpm), the filter
plugged within 10 minutes. Upon inspection of the filter, it was determined that the filter
plugged due to the contamination of the slurry with a black metal oxide which was
present in the pump from a previous operator.

CHAPTER VI
CONCLUSIONS
Regardless of the pigment type, concentration, or filtration conditions tested, no
dilatancy was observed. Although higher solids silica coatings were formulated, at 23%
solids the coatings were not free flowing, but rather gel-like in form, which made it
impractical to prepare coatings at higher solids. Additional attempts to prepare coatings
at higher solids using other pigment combinations were made, which allowed the coating
solids to be increased to 30% before becoming gel-like.

However, high shear

experiments performed on these coatings did not produce a dilatant behavior.
The viscoelastic properties of the coatings were found to be dependent on the
percent of silica solids in the coating. This indicates that the silica-polyvinyl alcohol
interactions are present. A large difference was observed between the 20 and 23% solids
addition levels of silica indicating that a critical concentration exists between these two
values where the coating begins to gel, or three-dimensional structures are formed.
Filtration experiments were performed at extreme flow rates under different
filtering conditions. Additionally, the surface areas were decreased by one-half and the
slot sizes were decreased by changing the filter. The filter changes resulted in only slight
differences in the differential pressures indicating no filter plugging even after four hours
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of operation. Filtration experiments which were performed after decreasing the surface
area of the filter by 75% resulted in large differential pressure changes with time. A flow
rate dependent change in differential pressure was found, which indicated a build up at
low flow rates. This appears to be due to a structure recovery which is shown from the
I

rheological measurements. The complex structure and multiple relaxation times found
in this coatings illustrate that filter plugging may not be a trivial problem.
The original assumption of a dilatant induced blocking of the filter believed by
industrial sources to be the cause was not tested due to lack of filter plugging. Failure
to achieve the filter blocking may be due to a combination of several factors e.g.,
mechanical, process, and rheological ( contamination-iron oxides, poor dispersability,
inadequate dispersing, improper system design).
This work indicates the complex rheological nature of ink jet coating
formulations and paints to structure recovery as playing an important role in filtering.
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CHAPTER VII
RECOMMENDATIONS FOR FURTHER STUDY
The viscoelastic studies enabled the interactive effects between silica and PVOH
to be better understood, additional work is needed to understand the contributions of
other coating pigments to the viscoelastic properties of ink-jet coatings. The high
extensional viscosities of the coating studies suggest that flow visualization experiments
should be performed to characterize this rheological parameter. This would enable the
contribution of extensional viscosity to filter blocking to be determined.
Since the coatings studied did not produce shear blocking, additional coating
studies using other formulations (higher molecular weight PVOH, different degree of
PVOH hydrolysis, and different silica chemistries) and other pigment or binder
substitution should be performed to determine if shear blocking could be achieved.
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Appendix A
Calculations of Shear Rate and Pressure Drops on Screening
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APPENDIX A
Calculations of Shear Rate and Pressure Drops on Screening
1) Shear rate during screening is calculated basically from Haegen-Poiseuelle
Capillary Theory, since screen slots have a certain form of capillary viscometers. (Screen
slots are not an absolute capillary viscometers as their capillary length/ratio is close to
1:1. The following equation for screens has been presented in the literature (11 ).
6
D=-*V
h
where, D is the shear rate, h is the slot width smaller compared to the slot length, and v
is the flow velocity through slots.
2)

Pressure drop on the screen during screening operation is calculated

theoretically and basically derived from Hagen-Poiseuelle capillary theory as shear rate.
121'.'.lL

LlP=-- *V *µ
H2

where, LlL is the capillary length, and µ is the viscosity of the flow. To apply this
formulation fluid has to be considered as a Newtonian fluid, so that constant viscosity
can be provided. This is the problem of this theoretical approach that does not account
for non-Newtonian fluids. However, Martti Makinen's work showed that the shear rate,
and pressure drop acquried from experiments are very well matched with the shear rate
and pressure drop acquired from above equations.
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Sample Shear Rate Calculation:
Area of Screen (A) = [(circumstances of element) I (wire size+ slot size)] * (slot size)
*

(length)

[(4.7244)/(0.04+0.002)]

* 0.002 * 5.41338 = 1.2178 in2 = 7.856 cm2

Maximum flow rate (q) = 1.16 gpm = 73.184 cm3 /sec
Shear Rate = 6q/Ah = (6 * 73.184) / (7.856 * 0.00508) = 11,002.77 s- 1
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